Abstract. In this paper we introduce a low complexity and accurate technique for target image search and retrieval. This method, which operates directly in the compressed JPEG domain, addresses two of the CBIR challenges stated by The Benchathlon Network regarding the search of a specific image: finding out if an exact same image exists in a database, and identifying this occurrence even when the database image has been compressed with a different coding bit-rate. The proposed technique can be applied in feature-containing or featureless image collections, and thus it is also suitable to search for image copies that might exist on the Web for law enforcement of copyrighted material. The reported method exploits the fact that the phase of the Discrete Cosine Transform coefficients contains a significant amount of information of a transformed image. By processing only the phase part of these coefficients, a simple, fast, and accurate target image search and retrieval technique is achieved.
Introduction
Nowadays most image and video data are both stored and transmitted in compressed form. By processing these data directly in the compressed domain important savings can be made in terms of computational and memory requirements, processing speed, and power consumption. These savings come from the fact that it is no longer necessary to allocate resources to the computationally-intensive decompression modules and from the advantage that the amount of data to process is significantly less in the compressed domain. Multiple compressed-domain algorithms have been reported in the signal processing literature for a wide range of applications [1] [2] [3] .
In this paper we address the issue of target image search and retrieval in the compressed domain, an issue listed by The Benchathlon Network among the multiple content-based image retrieval (CBIR) challenges [4] .
Target search can be used by an image owner to track down with a Web crawler copy images that might be utilized elsewhere on the Internet without the proper rights. Specific target search can also be used as part of a more complex automated CBIR system for trademark image retrieval applications, where it would assist the verification of whether a potential new logo has been previously registered [5] . Additionally, target search can be of support for testing purposes [5] , for the management of large image databases (e.g., to find duplicates), and is a particular option available in commercial image search, retrieval, and management systems [6] [7] .
Since the vast majority of images that populates the Web exist in compressed JPEG format, it is of large interest to save time, considering the huge number of existing images, that the target searching process takes place directly in the JPEG domain. A similar statement can be made regarding multimillion compressed-image databases. Additionally, given the lack of an associated feature-vector for most of the images available on the Web, the use of complex feature-based retrieval schemes would be computationally inefficient.
In this paper we introduce a low complexity and efficient technique for target search that copes with the issues reported in the previous paragraph. That is, it operates directly in the compressed JPEG domain, and it is applicable both to feature-containing and featureless image collections. The study of two different search cases will be discussed. First, when an exact copy of the target image is part of the database, and second, when the copy of the query in the database has been JPEG encoded with a higher compression ratio. The results of computational-complexity-reduction schemes aiming at speeding up the target search process will also be reported.
Previous Work
Previous papers have reported methods for indexing and retrieval in the compressed DCT domain. The algorithm reported in [8] is based on the computation of the mean value µ, and the variance σ 2 of the DCT coefficients of each (8 × 8)-element basic block. By executing some vector-quantization-like process on the two-dimensional (2-D) (µ, σ) space, a 28-component vector is produced and used as the corresponding image feature. The same idea, but based on (4 × 4) blocks, has been reported in a previous paper [9] . An energy histogram technique similar in concept to the pixel-domain color histogram method has been proposed in [10] . The histogram is built by counting the number of times an energy level appears in the (8 × 8)-element blocks of DCT coefficients of a transformed image. Since most of the energy within such (8 × 8)-element blocks is generally distributed in the low frequency region, the proposed method reduces the computational complexity by selecting the DC and only few additional low frequency coefficients for creating the histogram. In [11] and [12] a procedure to speed up the generation of image features is reported; processing time is saved by adaptively selecting a reduced number of coefficients that are used as input to the Inverse DCT (IDCT) operation. A good synthesis on further indexing and retrieval techniques in the DCT-domain is reported in [13] .
The previously cited papers deal with compressed-domain indexing/retrieval methods that are in general suitable for similarity queries in CBIR systems. Other studies more related to or specifically addressing the exact image query issue [14] [15] have been proposed in [5] [16] [17] [18] [19] . The latter are all pixeldomain-based techniques and are rather suitable for feature-containing image collections.
Organization of the Paper
The remainder of this paper is organized as follows. Section 2 will present an overview of the basic principle underlying the image matching technique used by the proposed target search algorithm. The image matching procedure itself and the exact image search system will the described in Section 3. A small sample of the results of a large number of query tests will be introduced in Section 4, while Section 5 will present the results of some computational complexity reduction approaches. Finally, the conclusions will be stated in Section 6.
The DCT-Phase of Images
A study on the significance of the DCT-phase in images was reported in [20] where it is showed that the DCT-phase in spite of its reduced binary value {0, π} conveys a significant amount of information on its associated image. An example from [20] is reproduced in Figure 1 and is briefly described below.
Figures 1(a) and 1(b) show the test images Lena and Baboon, both monochrome and with a spatial resolution of (512 × 512) pixels. By applying a 512-point 2-D DCT over these images, two sets of transformed coefficients are obtained. Figures 1(c) and 1(d) show the reconstruction back into the spatial domain after an Inverse DCT (IDCT) has been applied over the magnitude array of the two sets of transform coefficients and when the corresponding phase values were all forced to zero. Figures 1(e) and 1(f) show the reconstruction when the IDCT is applied over the binary-valued phase arrays and when the value of the magnitudes was set to one. These last two figures put in evidence the high amount of information conveyed by the DCT-phase, which is further emphasized in Figures 1(g) and 1(h) as described in the next paragraph.
The reconstructed image in Figure 1 (g) is the result of the IDCT when applied on the magnitude of the DCT coefficients of Baboon combined with the DCT-phase of Lena; the result of the alternative magnitude-phase combination is shown in Figure 1 (h). It is clear from these images that the DCT-phase prevails over the magnitude in this reconstruction process. It is remarked that in order to highlight the content of the reconstructed images in Figures 1(c) to 1(f) , the result of the IDCT was normalized to the range [0, 255], and then contrast enhanced by histogram equalization.
Target Image Search Algorithm
Based on the reconstructed image results presented in the previous section, an image matching algorithm oriented to target image search was studied and implemented [21] . The rationale of this algorithm is that given the significant amount of information conveyed by the phase of the DCT-coefficients, a phase-onlyprocessing scheme can provide a reliable metric of the correlation between two images, and thus be an efficient mean for specific target search. Since JPEG, currently and by far the most widely used image compression algorithm, is DCT-based, the resulting target search method suits perfectly for querying in databases composed of JPEG encoded images, and/or to explore the Web, where JPEG predominates as compressed image format. An implementation scheme of the target search system is depicted in Figure 2 . The image search space can be either a structured image collection or a streaming set of images from the Web. A partial entropy decoder followed by an elementary mapping unit are the only operations required to extract the DCT phase information from the files or bitstreams. The DCT-phase of the query and that of the database images are then compared by executing a correlation metric.
Correlation Metric
Referring to Figure 2 for a given compressed query image Q with a horizontal and vertical pixel resolution of W and H respectively, the output of the mapping unit is a ternary-valued {−1, 0, +1} DCT-phase matrix θ Q of (W × H) elements [21] . In accordance with the (8 × 8)-element block-based processing of Among the multiple evaluated metrics to estimate the correlation between the images Q and X, one that proved efficient for the exact matching application was:
where, i, j = 0, 1, 2, . . . , 7, represent the row and column indexes within an (8×8)-element block. In normalized form, the previous correlation function can be expressed as:
where the index m iterates over the resulting sum in Equation (1) for each of the Y, Cb, and Cr bands, in case they are all available. Accordingly, the value α is used to adjust the normalization factor, (W · H), depending on whether the compressed data corresponds to a monochrome image, in which case α = 1, or to a color image, where α = 1.5 due to JPEG's 4:2:0 chroma subsampling ratio.
Results
The target search algorithm was intensively tested by submitting a large number of exact match queries to a database of 6'800 color images. This database corresponds to a subset of all the (128 × 96)-pixel images from the 10'000-element Corel image collection that is available in [22] . A sample of these target search results is shown in Figure 3 . The image on the left column of each set represents simultaneously (to save space and avoid redundancy) the query, i.e., the target searched image, and its perfect matching image found in the 6'800-image database. For illustration purposes, the images on the right column of each set correspond to the second best matching image. The same identification number given to the pictures in [22] is indicated as caption of each image, along with the normalized correlation measure obtained with Equation (2) .
Given the main goal of target search, i.e., to identify the existence of an exact copy of the query image, the visual content of the second best matching image might not be relevant. In Figure 3 it is very important however to remark upon the high discriminating power of the proposed technique by noting the dramatic difference of the correlation values, ρ, for the exact matching image (found target) ρ M , and that of the second best matching picture ρ SB .
The accuracy and the robustness of the target search system was substantiated by the true positive outcome for all the large number of launched queries. 
Target Search of Higher-Compressed Image Copies
This section presents the results concerning the robustness of the target search algorithm to identify copies when the latter have been encoded with a higher compression ratio (CR) than the query image. The goal was to find out how much the image copy can be compressed and still be correctly identified as a replica of the query in a database. The results of this study for the same set of images in Figure 3 are given in Table 1 . The CRs of the original query images in JPEG format are shown in the second column of Table 1 in which the variable coding bit-rate nature JPEG is put in evidence. In effect, for a similar image reconstruction quality, as it is fairly the case for all the images in the database, the CR obtained with JPEG varies in function of the image-complexity content of the pictures.
The third column of Table 1 shows the maximum CR that can be applied to the target's image copy in the database so that the search procedure continues to produce true positive results. In other words, this is the maximum CR for which the target's copy produces a correlation score (which is shown in the fourth column) that is still the highest for all the images in the database. For comparison, the second best score previously reported in Figure 3 is shown in the fifth column.
It is noticeable from columns three and six the excellent robustness of the search target algorithm to identify higher-compressed versions of the queried im- ages. In effect, the search algorithm continues to produce true positive outcomes even with replicas that have undergone a dramatic increase of CR.
Computational Complexity Reduction Schemes
It can be easily confirmed from Figure 2 and Equation (2) that the amount of computational resources needed by the target search algorithm is quite low. These requirements are limited to three logic units which carry out respectively: the partial Huffman decoding, the mapping unit, and the phase comparison in the correlation unit, the latter being completed with an accumulator. Beyond these very limited hardware/software implementation requirements, an additional dramatic reduction of the computational complexity can be achieved at the algorithm level. This is possible by lowering the amount of processed data, by excluding both the image's color bands and the contribution of the high frequency DCT-coefficients in the DCT-phase correlation operation as reported in the next paragraphs. Table 2 shows the results of different computational complexity reduction schemes for the same set of images shown before. The column identified as Y corresponds to the results when only the luminance data is considered in the computation of Equation (2) . Then, Y N , indicated in the remaining columns, corresponds to the scheme in which only the first N coefficients (when ordered in JPEG's typical zig-zag scanning pattern [23] ) of each 64-element block of the luminance are considered in the computation of Equation (1) . Thus, Y 1 for example, corresponds to the case where only the (DPCM encoded) DC coefficients of each luminance block are evaluated.
The entries given in Table 2 correspond to the ratio of the correlation scores ρ M /ρ SB . It can be noticed that the value of these entries are all greater than 1.0, a fact that was consistently observed for all the launched queries in this study.
This demonstrates the robustness of the target search system when using one of these computational complexity reduction schemes, since true positive results continue to be produced. When evaluating the data in Table 2 , it is important to recall that for a given query image the second best image is not necessarily the same image when passing from column Y N to column Y N/2 .
Conclusions
This paper introduced a new, simple, and efficient target search algorithm that operates directly in the JPEG domain, along with computational complexity reduction schemes. The presented results showed that the proposed technique features a high selectivity power and a very good robustness to changes in the compression ratio of the matching images. The algorithm is based on the exploitation of the rich information conveyed by the phase component of DCT coefficients. The method can thus be extended to related video applications in which the bitstream has been generated with any of the ISO or ITU DCT-based video compression standards such as MPEG-x or H.26x.
This technique can be used straightforwardly at its current status in those applications in which the copies of the target image have not been purposely altered, for example, in database management, in CBIR testing, in searching on the Web for non-authorized use of images from users unaware of the intellectual property status of the utilized images, or as an embedded option in trademark registration systems, to name a few.
This target search system is obviously open to multiple optimizations in order to render it robust against other kinds of image modifications. This is currently the object of further study.
